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Most people spend the majority of their lives indoors. Research over the last thirty years has focused on investigating the mechanisms through which speciﬁc elements of the built environment, such as indoor air quality,
inﬂuence the physical health of occupants. However, similar eﬀort has not been expended in regard to mental
health, a signiﬁcant public health concern. One in ﬁve Americans has been diagnosed with a mental health
disorder in the past year, and, in the United States, the number of suicide deaths are similar to the number of
deaths due to breast cancer. Increases in mental health disorders in Western societies may be due, in part, to
increased systemic inﬂammation, secondary to decreased exposures to a diverse microbial environment (i.e., the
hygiene hypothesis, “Old Friends” hypothesis, “missing microbes” hypothesis, or biodiversity hypothesis), as
well as increased environmental exposures that lead to chronic low-grade inﬂammation. In this review, we
provide an assessment that integrates historical research across disciplines. We oﬀer ten questions that highlight
the importance of current lessons learned regarding the built environment and mental health, including a potential role for the microbiome of the built environment to inﬂuence mental health. Suggested areas for future
investigation are also highlighted.

1. Introduction
In most cases, the built environment is designed, maintained, and
operated in a manner that is intended to provide a safe and productive
milieu for the occupant, while minimizing costs. While some elements
of the built environment may include components that are beneﬁcial to
the occupant's physical and cognitive functioning, rarely is the built
environment intentionally designed or operated with the goal of improving mental health. There are multiple reasons why this might be
the case. The ﬁrst is the lack of general understanding of how the built
environment inﬂuences mental health. At present, causative research
that ties elements of the built environment to mental health outcomes is

∗

lacking. A summary of research in the ﬁeld, as described in the responses to the questions herein, has mostly been conducted by social
scientists. Interdisciplinary collaborations that include social scientists,
health researchers, architects, building scientists, and engineers, are
scarce. Secondly, some eﬀects of the design and operation of the built
environment on mental health are likely to be speciﬁc to the individual.
For example, set point temperature for an entire facility might be a
source of irritation for some individuals while being acceptable for
others. Finally, without evidence-based research, it is not possible for
policymakers to develop clear guidance and incentives to promote built
environments that may beneﬁt the mental health of occupants. Here,
we present and answer ten questions on the relationship between the
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measures in use among those participating in the United States-Veteran
Microbiome Project (US-VMP) [10]. Although far from inclusive for all
mental health outcomes, the list provides a starting point for investigators interested in evaluating mental health conditions or symptoms.

built environment and mental health. The purpose of this paper is to
promote discussion, and to provide a foundation for fostering collaborations among social scientists, health researchers, architects,
building scientists, and engineers.

2. Ten questions
2.1. What is mental health and how is it assessed?

2.2. Do design- and occupant-controlled parameters in the built
environment inﬂuence mental health?

According to the World Health Organization (WHO), "Mental health
is deﬁned as a state of well-being in which every individual realizes his
or her own potential, can cope with the normal stresses of life, can work
productively and fruitfully, and is able to make a contribution to her or
his community" [1]. As with all areas of functioning, mental well-being
should be viewed within the context of genetic, epigenetic, developmental, and contemporaneous environmental (i.e., biopsychosocial)
inﬂuences. Moreover, as noted above mental health should not be understood as the absence of a mental health disorder or the absence of
emotions that can be associated with mental health disorders, such as
unhappiness, sadness, and anger. Mental health includes components of
emotional and social well-being [2,3]. Social skills and cognitive
functioning are components of mental health that impact engagement
in basic tasks and social roles [4,5].
In the United States (US), 43.8 million adults have mental health
conditions —approximately 1 in 5 (2016) [6], with an estimated $193.2
billion per year in lost earnings [7]. Mental health issues are not isolated to the US. The WHO reported that the tenth leading cause of
disability-adjusted life years (DALYs) in Europe (2016) was depressive
disorders, with 681 DALYs per 100,000 people [8]. Even in the absence
of formal mental health conditions, individuals struggle to attain and
maintain their mental health.
For research purposes, the assessment of mental health conditions/
symptoms optimally occurs in settings where those administering the
tools are trained and supervised by a licensed health care professional.
For example, during a clinical research visit, the Structured Clinical
Interview for Diagnostic and Statistical Manual of Mental Disorders
(DSM-5)-TR Axis I Disorders, Research Version, Patient Edition with
Psychotic Screen (SCID-5-I/P W/PSY SCREEN) may be administered as
reliable and valid means to acquire information regarding current and
lifetime psychiatric disorders [9]. The SCID-5-I/P W/PSY SCREEN takes
approximately 30 min to administer. Other reliable and valid tools to
evaluate mental health conditions and/or symptoms (presence/severity) are available. See Table 1 for a list of validated self-report

Design choices made by architects and engineers can aﬀect both the
physical and mental health of occupants. Most research to date has
focused on physical health implications of poor design and construction, but these choices can also negatively impact mental health. On a
positive note, design and occupant choices can have positive health
impacts (i.e., selection of low-emitting interior materials, controlled
reduction of noise levels, access to clean fresh air, appropriate lighting,
installation of mechanical systems to maintain desired indoor temperatures and appropriate air exchange rates) [22–24]. Temperature
and light are two examples of engineered and occupant-controlled
parameters that aﬀect physical and mental health.
Proper indoor temperatures are necessary to ensure thermal comfort, protect human health, and improve quality of life [25]. Unfortunately, there is no universal optimal measure of thermal comfort;
rather, it varies from individual to individual and is inﬂuenced by: (1)
environmental parameters, including air temperature, mean radiant
temperature, air relative humidity, and air velocity; (2) personal factors, including human metabolic rates and clothing insulation; and (3)
thermal adaptation of the individual occupant, which is correlated with
factors such as geographic location, climate, time of year, gender, race,
and age [26,27]. A large percentage of the low-income population lives
below minimum acceptable temperatures, which would be expected to
negatively impacts their physical and mental health [25]. Low indoor
temperatures are associated with various conditions, including pneumonia, increased blood pressure, asthma, bronchitis, and migraine
[25], and stress-related psychiatric disorders, such as depression and
anxiety disorders [28], as well as mortality; resulting in 30,000 to
60,000 excess winter deaths annually in the United Kingdom alone
[29]. Lower temperatures are also associated with a reduction in relative humidity, which can result in respiratory tract infections [30]. At
the opposite extreme, working or living at uncomfortably warm temperatures and humidity levels can lead to moisture damage and fungal
growth [31–34], which have been found to be associated with increased
absenteeism, reduced worker productivity [35,36], and mortality

Table 1
Potential self-report measures relevant to mental health.
Measure

Description

Condition(s)/Factor(s) of Interest

Time to Administer
(minutes)

Beck Depression Inventory (BDI-II)

Psychometrically-sound 21-item measure to assess depressive
symptoms [11,12]
Reliable and valid 7-item instrument assessing the nature and
severity of insomnia symptoms [13]
Reliable and valid 7-item measure of physical activity [14]

Depression-related symptoms

5

Insomnia symptoms

5

Physical activity

5

36-item multi-purpose health survey that yields an 8-scale proﬁle of
functional health and well-being scores [15]
Chronic conditions [16] are used to query chronic health conditions
[17]
45-item questionnaire designed to measure distress associated with
key areas of functioning (e.g., interpersonal functioning, social role)
[18]
Frequently used and psychometrically-sound measure of depression
[19,20]
20-item self-report measure used to assess PTSD symptom severity,
based on DSM-5 diagnostic criteria [9]
Screening tool extensively used in studies of seasonality of mood
and behavior, and of Seasonal Aﬀective Disorder [21]

Perceived health (general, physical/
mental health)
Chronic health conditions

10

Psychological distress

10

Depression-related symptoms

5

Posttraumatic symptoms

5

Seasonality of mood and behavior;
Seasonal Aﬀective Disorder

5

Insomnia Severity Index (ISI)
International Physical Activity
Questionnaire (IPAQ) Short Form
36-Item Short Form Health Survey (SF-36)
National Health Interview Survey (NHIS) –
Chronic Conditions
Outcome Questionnaire-45 (OQ-45)

Patient Health Questionnaire-9 (PHQ)-9
PTSD Checklist for DSM-5 (PCL-5)
Seasonality Pattern Assessment
Questionnaire (SPAQ)
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environment can increase the indoor concentrations of these pollutants
[73]. Indoor air pollution can be derived from multiple sources including, but not limited to, composite-wood materials, ﬂooring, furnishings, cleaning products, electronic equipment, air fresheners,
combustion processes, and cooking activities [73]. Common pollutants
generated indoors include particulate matter, bioaerosols, volatile organic compounds (VOCs; i.e., any of thousands of organic [carboncontaining] chemicals that are present mostly as gases at room temperature), and semi-volatile organic compounds [SVOCs], a subgroup of
VOCs that tend to have a higher molecular weight and higher boiling
point temperature than other VOCs). Indoor air pollution can be derived from multiple sources, to include, but not limited to, compositewood, ﬂooring, furnishings, cleaning products, electronic equipment,
air fresheners, combustion processes, and cooking activities [73]. Many
indoor pollutants are known to cause adverse health eﬀects ranging
from respiratory illnesses [74,75] to cognitive eﬀects [76–78] and
others are known irritants (e.g. odors). Low ventilation rates in occupied spaces can also increase indoor carbon dioxide concentrations
from exhaled breath, a potential health risk in itself [79], and a surrogate for high concentrations of pollutants sourced indoors [80]. Additionally, an increase of moisture leading to mold growth occurs with
low ventilation [81], an eﬀect that can be exacerbated by an occupant's
behavior, most notably in kitchens and bathrooms.
Improving ventilation systems to increase the supply of fresh air can
reduce the indoor concentration of some indoor pollutants such as
carbon dioxide and VOCs [35,70,82,83]. However, high ventilation
rates that increase the supply of outdoor air into buildings can also
increase the levels of airborne pollutants that have a primary source
outdoors [84]. Such outdoor pollutants include particulate matter,
carbon monoxide, ozone, nitrogen oxides, sulfur oxides, and ozone. In
one study of an urban environment, residents with higher ventilation
rates with potentially increased outdoor pollutants were more likely to
report negative health eﬀects like chronic cough, asthma, and asthmalike symptoms [85]. High ventilation rates that are due to poor quality
or compromised building envelopes can also lead to moisture and pest
intrusion [86], as well as poor thermal comfort [87,88]. Finally, high
ventilation rates in the absence of eﬃcient ﬁlters can result in increased
concentrations of outdoor allergens in the built environment [89].

[37,38]. Since the ideal thermal comfort can widely vary for individuals, it is crucial that buildings are designed in order to aﬀord
occupants the maximum feasible control over their thermal environment.
Light is another example of a building parameter that inﬂuences
physical and mental health. It has been established that building occupants prefer: (1) natural over artiﬁcial light [39,40]; (2) windows
within their work space [40–42]; and, (3) natural views over built or
urban ones [43–46]. These preferences are directly tied to mental
health. Data from a WHO survey suggested that inadequate daylighting
or bad window views increased the probability of depression by 60%
and 40%, respectively [47]. Well-designed lighting is directly and indirectly associated with positive physical, physiological, and psychological health outcomes [48], as demonstrated by empirical studies
across a number of building types, including schools [49], oﬃces
[50–53], hospitals [54,55], and retail stores [56]. These positive outcomes include higher test scores, improved health, reduced absenteeism, and increased worker productivity [57]. Conversely, poorly
designed lighting can cause glare and thermal discomfort or a loss of
privacy, leading to reduced productivity, increased absenteeism, and
self-selected reduction of daylight exposure by moving oﬃces or using
window coverings [57,58]. Recent research has even connected light
exposure in the built environment to the bacterial communities observed in indoor areas [59].
Light primarily inﬂuences mental health outcomes by two primary
mechanisms: (1) a direct arousing eﬀect, driven by activating the
neurocircuitry of alertness and arousal; and, (2) a delayed eﬀect, via
impacting circadian rhythms and, secondarily, sleep duration and sleep
quality [8]. It is relevant that sleep and circadian rhythm disruptions
are frequently observed in patients with neurodegenerative diseases
and psychiatric disorders, including bipolar disorder, schizophrenia,
and autism spectrum disorder [60–63], and that correction of circadian
abnormalities result in an improved therapeutic control of these conditions. The quantity and timing of light exposure can therefore positively or negatively impact occupant mental health. Studies have shown
that health beneﬁts of quality building lighting can be attributed to
improved sleep quality and beneﬁcial eﬀects of circadian rhythm realignments, while prolonged exposure to cool white ﬂuorescent lights at
the wrong time of day may induce circadian dysrhythmia [57]. Quality
lighting with natural views has also been linked to reduced stress, decreased anxiety, and improved mood [64]. Additionally, more than 70
therapeutic trials and two meta-analyses [65,66] have demonstrated
that bright-light therapy (BLT) is an eﬀective ﬁrst-line treatment for
seasonal aﬀective disorder (SAD) [67]. There is also evidence that BLT
may be eﬀective in treating non-seasonal depression disorders, such as
chronic depression, antepartum depression, and bipolar disorder [68].

2.4. What is the impact of indoor air pollution, or outdoor air pollution that
accesses the indoor environment, on mental health?
Research on the inﬂuence of air pollutants in the built environment
on mental health is limited (a PubMed search on 25 Feb 2019 returned
13 articles). However, multiple large-scale mental health studies have
utilized outdoor air pollutant information in attempts to relate ambient
air pollutant concentrations to mental health outcomes. These include
commonly measured air pollutants found in the Clean Air Act, such as
particulate matter, nitrogen dioxide, carbon dioxide, and sulfur dioxide.
This methodology is strengthened through the use of sizeable cohorts,
but suﬀers from faulty assumptions that indoor/outdoor concentrations
are always correlated [90,91] and air pollution from one source in an
area adequately represents air pollution within the entire study
boundary [92]. Of course, correlation should not be associated with
causality. Nevertheless, the outdoor air pollution results provide an
initial starting point for future indoor air studies.
Air pollutants measured outdoors have been shown in multiple
studies to have a negative inﬂuence on mental health outcomes, even
when using multi-parameter adjustments (Table 2). For examples, a rise
of 10 μg/m3 of particle matter under 10-μm in size (PM10) and sulfur
dioxide (SO2) in a 2-day period increased mental disorder hospitalization rates by 1.27% and 6.88%, respectively [93]. A gender bias was
also observed in a mouse model on prenatal air pollution where male
oﬀspring of prenatally-exposed dams displayed both increased anxiety
and impaired cognition during adulthood, at 60 days postnatal [94].
Air pollutant eﬀects on mental health conditions may be from acute

2.3. What impact does ventilation have on the built environment?
Ventilation in the built environment is strongly inﬂuenced by the
type of ventilation system present (e.g., mechanical versus natural), the
design and condition of the building, and occupant behavior. Of particular importance to the health of building occupants is the amount of
outdoor air supplied to the indoor environment (ventilation air).
Ventilation air is a function of several factors including, for instance,
the characteristics of the heating and air conditioning system present,
penetration of outdoor air across the building envelope, opening of
doors or windows by occupants and the use of dedicated outdoor fans
found in many kitchens and bathrooms. The impact of ventilation on
the physical health and cognitive function of occupants has been extensively studied (for review, see Refs. [69–72]). Of interest to the
current discussion is how both high and low outdoor ventilation rates
inﬂuence the concentration of pollutants indoors that may be associated
with negative mental health outcomes.
For pollutants whose primary source is indoors, low ventilation
rates that reduce the supply of fresh outdoor air into the built
60
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1.26

1.21
1.39
1.02
62,227 (Women)

or chronic exposures, with some studies using lag periods, or rolling
weekly or monthly averages as environmental sampling times prior to a
discrete event (e.g., fatal suicidal self-directed violence). Kim et al.
(2015) found a statistically signiﬁcant higher percentage of suicides in
South Korea with ozone concentrations over one standard deviation
over mean levels for up to four weeks [99]. In that same study, similar
results were observed for PM but not nitrogen dioxide (NO2), carbon
monoxide (CO), or SO2. In an indoor air study, children during their
ﬁrst three months of life exposed to gas stoves and gas ﬁreplaces producing higher NO2 than the control condition (i.e., electric stoves) had
an odds ratio of 2.72 of developing attention deﬁcient disorder, measured at 4 years of age [100].
A better understanding of the biological mechanisms of adverse
mental health responses to air pollution (see preliminary discussion in
question 2.6) might assist in explaining these trends. Also, still eluding
researchers are the speciﬁc inﬂuences of other indoor air pollutants,
including VOCs, SVOCs, fungal spores, allergens, and other indoor air
constituents on mental health outcomes. The actual inﬂuence of those
pollutants may be important, since concentrations of such VOCs
sourced in the indoor environment can be signiﬁcantly higher than in
outdoor air [101–103]. Similarly, SVOCs such as ﬂame retardants and
plasticizers are ubiquitous in the indoor environment and several are
known to cause adverse neurologic eﬀects [104,105].
Measuring mental health outcomes in relation to indoor air pollutants is challenging and future studies are unlikely to be as highly
powered as the national studies of outdoor air pollutants. Despite those
issues, it is feasible for future researchers to include mental health
outcomes in existing indoor air research. In an editorial on the future of
indoor air research, Corsi [106] called for social scientists to be involved in built environment research. One potential area for social
scientists and building scientists to work together is the implementation
of monitoring of indoor air quality. For example, low-cost air pollution
sensors are becoming more readily available [107–109], including
networks of sensors that automatically send the information through
the internet to a secured central server [110].

PM10 = particulate matter less than 10-μm in size, PM2.5 = particulate matter less than 2.5-μm in size, SO2 = sulfur dioxide, NO2 = nitrogen dioxide, CO = carbon monoxide.

1.40
0.86

1.16

Pollutant daily avg. concentration of hourly measurements. Developed in fourth quartile of pollutant
concentrations
1.32
1.39
1.22
0.88
0.99
0.80

1.32
1.52
1.10

Pollutant daily avg. concentration of hourly measurements. Developed in fourth quartile of pollutant
concentrations
1.34
0.98
61,978 (Men)
Shin et al., 2018 [98]

South Korea

Anxiety
Depression
Depression
Depression (Doctor
diagnosed)
Suicidal ideation
Depression
Depression (Doctor
diagnosed)
Suicidal ideation
United States
4008

Lin et al., 2016 [95]

Pun et al., 2017 [97]

China

Suicide deaths

1.13

1.54
1.22

1.71
1.28

1.12

1.15
1.15

1.54
1.20

Pollutants measured 3 days prior. Developed from increase in interquartile range
Pollutants measured 3 days prior. Developed from increase in interquartile range
PM10 & SO2 measured at 2 days prior, NO2 measured at 1 day prior. Developed from increase in
interquartile range
Pollutant measured 30-day rolling average. Developed from increase in 5 μg/m3
1.19
1.04
1.15
1.06
0.95
Suicide deaths

1210 (Men)
336 (Women)
1550
Bakian et al., 2015 [96]

United States

Mental Health Outcome
Location
Cohort Size
Study

Table 2
Select odds ratios for eﬀects of outdoor air pollutants on mental health.

PM10

PM2.5

SO2

NO2

CO

Note

A.J. Hoisington, et al.

2.5. Does the microbiome of the built environment inﬂuence mental health?
Microbiota-gut-brain (MGB) axis models have gained attention for
mental health outcomes, including conditions like anxiety and depression [111–113]. The biological mechanisms responsible for MGB axis
signaling have been extensively reviewed by others [114–117]. Recent
research has also developed a microbiome-lung-brain model with bidirectional signaling [118], either directly to the brain or indirectly
through the gut [119]. However, the extent to which the microbial
communities that surround occupants in the built environment can
inﬂuence mental health is not clear.
The microbiome of the built environment (MoBE) has been increasingly studied in the past decade, recently summarized in a report
by the National Academy of Sciences, Engineering, and Medicine [120]
and included as another Ten Questions article series [121]. Transmission of the MoBE to and from human occupants is a complex with
transition modes through air, water, surfaces, and resuspension of settled dust containing microorganisms. Sources include, but are not
limited to, outdoor environments [122–124], occupants [125–127],
premise plumbing [128,129], and pets [130,131]. The study of transmission of the MoBE to occupants in the built environment has historically focused on infectious disease airborne routes [69,132], although the direct transfer of MoBE to occupants has been shown in
neonatal intensive care units [133]. Even when the pathways connecting the MoBE to occupants have been identiﬁed, it will be important to determine if the microorganisms are viable or just passively
accumulating in the built environment, particularly if no moisture is
present [134]. That being said, even heat-killed environmental bacteria
have potential to impact immune signaling and emotional behavior
[135–139].
61
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grade inﬂammation, additional features of indoor air quality may also
inﬂuence mental health outcomes. For example, Spengler and colleagues demonstrated that, in an oﬃce environment, VOCs and carbon
dioxide levels were independently associated with cognitive scores
[79]. A subset of brainstem serotonergic neurons, which are thought to
play an important role in stress-related psychiatric disorders, is CO2sensitive [175–178]. Hypoxemia/hypoxia may also be an important
factor; serotonergic cells in the periphery and brain have been identiﬁed as “hypoxia sensors” [179], while living at high altitude has been
associated with increased risk of depression and death by suicide [180].
Furthermore, oxidative stress in response to air pollution or other features of indoor air may be an important mediator [181]. The mechanisms described above that result in oxidative stress and inﬂammation
may activate enzymatic pathways that redirect tryptophan metabolism
from the synthesis of serotonin towards the synthesis of kynurenines,
with certain excitotoxic metabolites, such as quinolinic acid, implicated
in depression and suicide [182,183]. A ﬁnal potential mechanism
through which indoor air pollution, including household allergens, may
inﬂuence mental health involves indirect mechanisms, (i.e., through
exacerbation of underlying medical conditions). For example, features
of the built environment may lead to exacerbation of underlying
medical conditions (e.g., respiratory disease or cardiovascular disease)
which in turn lead to worsening mental health outcomes [184,185].
A common denominator underlying the eﬀects of indoor air pollution on mental health may be microglial priming. In the context of
neuroinﬂammatory priming, priming is deﬁned as a process whereby a
previous condition or prior exposure to a stimulus potentiates the immune response to a subsequent condition or stimulus [186], Air pollution activates brain microglia and induces microglial priming
[187,188], which in turn has been implicated in anxiety-like defensive
behavioral responses and cognitive impairment, processes that can be
exacerbated by stress and aging [186].

Further characterization of mechanisms underlying transmission of
microorganisms from the MoBE to occupants would remove one barrier
in a bioinformed design of the built environment [140]. Potentially
more diﬃcult though is determining what features of the MoBE would
best support overall occupant health. This could be immunomodulatory
bacteria that we listed in a review [141] based on potential probiotics,
or microbial diversity and antimicrobial resistance [142]. Alternatively,
the biodesigned MoBE might be based on those outdoor microbiomes
that have been shown to have beneﬁcial eﬀects for human health
outcomes, like those seen in Amish farms [143]. The timing of the
exposure has been shown to be important, being probably most beneﬁcial during early childhood, when the immune response system is
developing [144,145]. Likewise, during the early years of life, the
human microbiome is likely more adaptable in ways that can inﬂuence
health outcomes [146]. Relevant to mental health in early years of life,
diﬀerences in the gut microbiome were associated with temperament in
a observational study of 77 toddlers (18–27 months) [147]. Altogether,
determining which microbiome community structures are beneﬁcial for
overall mental health, and the mechanisms through which environmental microorganisms inﬂuence mental health, appears to be a potential next step in the MoBE research ﬁeld.
2.6. What are the known biological mechanisms for indoor air pollution, or
outdoor air pollution that accesses the indoor environment, to inﬂuence
mental health?
Chronic low-grade inﬂammation is thought to be a risk factor for
stress-related psychiatric disorders, such as depression [148], and has
even been identiﬁed as a risk factor for trauma- and stressor-related
disorders, such as posttraumatic stress disorder [149]. The biological
mechanisms underlying the link between inﬂammation and stress-related psychiatric disorders have been extensively reviewed and will not
be outlined in detail here [150–155]. In the context of the built environment, elements of the built environment with potential to induce
chronic low-grade inﬂammation (such as indoor air pollution, or outdoor air pollution that is actively or passively transferred to the indoor
environment) are likely to increase risk for negative mental health
outcomes.
Maternal exposure to environmental air pollutants during the late
second trimester, extending into the early third trimester, of pregnancy
is associated with increased risk of autism spectrum disorder (ASD) in
the oﬀspring [156,157]. This window of vulnerability for ASD risk due
to environmental pollutants coincides with a critical window for development of a type of immune cell, the regulatory T cell (Treg) in the
fetus, including the emergence, seeding, and expansion of Treg populations and Th17 cells (a type of immune cell that mediates inﬂammatory responses that have been implicated in ASD development
[158]) from 12 weeks of gestation until early postnatal development,
with some continued development out to 2 years of age [159]. Increased risk of mental health conditions is not necessarily limited to
early childhood exposures. Recent studies have also identiﬁed an increased risk of history of depressive disorders and suicide during
adulthood with increasing air pollution [95,160–162].
Although the mechanisms underlying these associations are not
clear, studies in animals have shown that air pollution impairs cognitive
function and increases depressive-like behaviors in association with
neuroinﬂammation in the hippocampus [163], an important brain region controlling cognitive and aﬀective functioning. Furthermore, we
have argued that a lack of exposure to environmental microorganisms
in modern urban societies leads to a failure of immunoregulation, a
reduction in Treg, inappropriate levels of inﬂammation, and increased
risk for psychiatric disorders [164]. Thus, modern urban societies increase exposure to environmental pollutants and inadequate exposure
to microorganisms that can induce immunoregulation and limit inappropriate inﬂammation [95,160–174].
Apart from air pollutants or other factors leading to chronic low-

2.7. Does an increase in urbanization inﬂuence mental health?
Psychiatric disorders are more prevalent in urban versus rural areas
[189–192]. For example, a number of studies have demonstrated that
an urban birth or upbringing increases schizophrenia risk [192–195].
Overall, these studies demonstrate that birth in an urban environment is
associated with an increased risk for mental illness in general and for a
broad range of speciﬁc psychiatric disorders. Although the mechanisms
underlying these urban versus rural diﬀerences in psychiatric disorders
are not clear, the hygiene hypothesis or “old friends” hypothesis oﬀers a
useful starting point. Immunoregulation, indicated by a balanced expansion of eﬀector T-cell populations (which induce inﬂammatory responses) and Treg (which induce immunoregulatory and anti-inﬂammatory responses), is known to be driven by microbial signals,
mainly by organisms with which mammals coevolved, including: (1)
the commensal microbiota, which have been altered by the Western
lifestyle, including a diet that is commonly low in microbiota-accessible
carbohydrates [196,197]; (2), pathogens associated with the “old infections” that were present throughout life in evolving human huntergatherer populations [198]; and (3) organisms from the natural environment with which humans were inevitably in daily contact (and so
had to be tolerated by the immune system) [166]. Immunoregulation is
thought to be compromised in modern high-income settings, due to
reduced contact with these three categories of organisms
[166,199,200]. A failure of immunoregulation, attributable to reduced
exposure to the microbial environment within which the mammalian
immune system evolved, is thought to be one factor contributing to
recent increases in chronic inﬂammatory disorders and stress-related
psychiatric disorders in high-income countries [166,197,198].
In a recent study designed to test this hypothesis, Böbel et al. (2018)
compared healthy young individuals that either: (1) were raised in a
rural farming environment (in the presence of farm animals); or (2)
were raised in an urban environment (in the absence of pets). As adults,
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low-income communities. For instance, Bentley et al. [221] “found that
entering unaﬀordable housing is detrimental to the mental health of
individuals residing in low-to-moderate income households.” This negative eﬀect of residing in unaﬀordable housing may be more pronounced for those with insecure employment than those with secure
employment [222]. It is likely that the eﬀects of lower SES are cumulative. That is, those individuals in lower SES have limited ability in
housing selection and neighborhoods resulting in a decline in access to
green spaces and built environment features that could provide protection from mental health disorders. Therefore, providing higher
quality aﬀordable housing is particularly important for promoting positive mental health in vulnerable communities.

individuals were exposed to a psychosocial stress paradigm, the Trier
Social Stress Test. Although individuals raised in a rural environment
reported experiencing higher levels of stress and anxiety and had higher
glucocorticoid stress hormones, individuals raised in an urban environment had an exaggerated immune response to the stressor, as
evidenced by increased peripheral blood mononuclear cells in the blood
and increased release of proinﬂammatory cytokines (i.e., interleukin 6)
[201]. Given that chronic low-grade inﬂammation in response to psychosocial stress is thought to be a risk factor for development of stressrelated psychiatric disorders [202], an urban upbringing may confer
increased risk. Other elements of urban upbringing and urban living,
relative to rural upbringing and rural living, apart from microbial exposures, are also likely to be important in determining risk for stressrelated psychiatric disorders, including access to green spaces [203],
exposures to air pollutants, access to quality health care, and other
factors.

2.9. What are actions that can be taken in the design and operation of built
environments to improve mental health?
Recommendations to promote mental health wellness include reducing indoor exposure to harmful particulates and chemicals, and
improving built environment conditions. To achieve these objectives,
measures can be taken at each stage of the building lifespan, from its
conception stage through its continuous usage. Furthermore, additional
research on the connections between the built environment and mental
health, as well as the mechanisms involved, is also a ﬁrst-order recommendation.
Given that pollutant exposures are implicated in poor mental health
outcomes, one approach to protect mental health is to reduce exposures
to pollutants inside the built environment. In the case of indoor pollutants, lowering concentrations can be accomplished through indoor
cleaners with: (1) media ﬁltration units placed in building ventilation
systems to reduce particulate matter concentrations; (2) ultraviolet C
irradiation (UVC) units to reduce bioaerosol concentrations; or (3)
portable high eﬃciency particulate air (HEPA) ﬁlters intended to reduce particulate matter or VOC concentrations. The eﬀectiveness of
indoor air cleaners is a function of a wide variety of factors such as air
cleaner design (e.g., clean air delivery rate), and it is important to
realize that unintended secondary pollutant releases can occur in some
systems [223]. Also, many studies examining the eﬀectiveness of indoor
air cleaner technologies for protecting occupant health have focused on
quantifying the potential respiratory or cardiovascular health beneﬁts
of decreasing indoor pollutant exposures to PM2.5, ozone and VOCs
[224,225]. The eﬀects of speciﬁc air cleaning interventions on mental
health have generally not been studied in a rigorous manner.
An alternate approach to improve indoor air quality and protect
occupant mental health is to reduce the introduction of materials and
products into homes and other buildings that are sources for the pollutants of concern. For instance, SVOCs are now ubiquitous within the
built environment, due to their widespread use in consumer products,
building materials, and furnishings. Several SVOCs, such as organophosphates (found in pesticides) and polybrominated diphenyl ethers
(ﬂame retardant found in electronics, foam, textiles, etc.), have been
identiﬁed as neurotoxic and are associated with negative behavioral
outcomes [104,105]. Thus, it would be beneﬁcial to identify which
SVOCs and other pollutants negatively aﬀect the mental health of occupants and reduce their use in building and consumer products.
Improving the condition of the built environment would likely lead
to improved mental health outcomes. Buildings that are damaged by
moisture have an increased microbial diversity [226] that is unique
from non-damaged facilities [227]. In one study, moisture damage in
schools was shown to increase systemic inﬂammation in children at six
years of age [228]. However, inﬂammation was not increased from
early life exposures to moisture damage (under 1 year), measured later
at 6 years of age [229]. It appears multiple biotoxins from moisturedamaged buildings have a cumulative inﬂuence on inﬂammation [230].
Renovation after moisture damage can be successful for health improvements [231,232], but is expensive and might not be undertaken in
residences of low incoming housing. While there is evidence of

2.8. Does socioeconomic status change the built environment to inﬂuence
mental health?
Socioeconomic status (SES), one of the most widely studied constructs in social science, is the combination of social and economic
status, measured via income, occupation, and education [204]. Originally designed for individual and family units, the SES concept has
been broadened in scope to also apply at the neighborhood level [205].
Positive connections between SES and health outcomes are vast and
previously reviewed by others [206,207]. Due to the connection between SES and health conditions, studies often use SES as one controlled variable, neglecting the issue that it is measured as a continuous
scale [208]. The measurement of SES directly relates to housing quality
and noise exposures in residential built environments.
The quality of housing can aﬀect the mental health of the building
occupants. For instance, housing quality (e.g., as assessed by structural
quality, crowding, clutter) for low and middle income families in rural
areas was found to be more highly correlated to poor psychological
health in children than neighborhood quality [209]. Similarly, in an
urban setting, women experiencing housing disarray (e.g., crowding,
noise, dark conditions) and housing instability (i.e., moving often) were
more likely to be at risk for depression and generalized anxiety disorder
[210]. Poor housing quality also contributes to pest (e.g., cockroach,
rat, mouse) infestations that can aﬀect the mental health of occupants.
In a sample of public housing residents, for instance, current cockroach
infestations increased the odds of experiencing high depressive symptoms by threefold and dual infestations (mouse and cockroach) led to a
ﬁve-fold increase [211]. Similarly, exposure to rats can result in negative mental health consequences for residences [212,213].
Noise can also be exaggerated in low-quality housing that has limited insulation and poor-quality windows [25]. In lower SES neighborhoods, additional noise exposure may come from proximity to
roadways [214], railways, industrial sites, or airﬁelds. High levels of
noise have been associated with depression and anxiety [215]. One
factor where noise might represent a problem is proximity to airports,
which has been associated with both positive [216] and negative [6]
mental health ﬁndings. Studies that consider noise as an annoyance,
rather than just an increase in decibels, have found a negative impact of
noise on mental health [217–219]. For example, noise annoyance from
neighbors in high-density residential units results in 2.3 times higher
odds of an individual having poor mental health [219]. Noise and noise
annoyance have non-standard eﬀects on individuals that might depend
on previous experiences or biological susceptibility. When individuals
do not have control over the noise, as experienced with noise annoyance, individuals might suﬀer from learned helplessness and biological
signatures of chronic stress, including overproduction of cortisol [220].
In addition to considering the quality of housing, it is important to
understand how ﬁnancial stresses associated with unaﬀordable built
environments impact the mental health of occupants, particularly for
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dampness and mold being relevant to health, is diﬃcult to quantify the
speciﬁc dose-responses due to challenges related to measuring moisture
(for review, see Ref. [233]); yet associations between mold exposures
and mental health outcomes can be observed. For example, Shenassa
et al. [234] surveyed 5882 adults in eight European cities and found
rates of depression for none, minimal, moderate, or extensive dampness
or mold in home of 6.5%, 9.7%, 11.6%, and 15.8%, respectively.
Foundational research, like a recent study characterizing water activity
in gypsum board by Adams et al. [235], may assist to better quantify
water that is available to support growth of microorganisms, including
mold, in the built environment.

on the part of any of these or other organizations; rather, policy to date
has not supported the conclusion that mental health outcomes might be
important considerations in the design of the built environment.
However, policy is just one avenue for change. Even if policy is
adopted, it will be unlikely to include changes to the built environment
in previously constructed building. With evidence-based research on
the eﬀects of the built environment on mental health, engineers and
social scientists can provide recommendations for improvements to the
built environment that improve mental health.

2.10. What are future research directions needed for science, health, and
policy?

There is a great need to improve our understanding of the eﬀects of
the built environment on the occurrence, severity, and persistence of
mental illness, as well as the factors that promote mental health and
human performance. Given that we spend the majority of our time
within homes, schools, oﬃces and other spaces, it is critical to explore
the mental health consequences of how we design, operate and maintain buildings. Building factors that merit further investigation in a
mental health context include ventilation, lighting, temperature as well
as indoor microbial, chemical and pest exposures. While there is a
growing awareness that many of these factors aﬀect human performance such as asthma, allergies, and cognitive function, most research
to date has not incorporated explicitly assessed mental health outcomes
into the study designs. An interdisciplinary approach that integrates
social scientists, health researchers, architects, building scientists, and
engineers coupled with controlled experiments and interventions to
isolate the eﬀect of individual building factors on speciﬁc mental health
outcomes is needed. Also, a focus on understanding how external factors such as SES, gender, aﬀects mental health should be incorporated
into mental health outcome research in the built environment. Negative
mental health impacts many daily lives throughout the world and it is
time to consider not only physical health but also mental health in the
built environment.

3. Conclusion

Joint eﬀorts by policymakers, social scientists, health researchers,
architects, and engineers (i.e., interdisciplinary team science) will be
required to facilitate meaningful research to deﬁne the relationship
between the built environment and mental health. Moreover, challenges associated with this work are likely associated with the cumulative and dynamic nature of exposures to elements that are either
health- or disease-promoting [236]. Similarly, it is likely that exploration of the complex nature regarding relationships between the built
environment and mental health will require large-scale prospective
studies.
A challenge associated with determining built environment elements that inﬂuence mental health outcomes is that there are multiple
external interacting factors that are known to inﬂuence mental health.
For example, social determinates of health are complex connections of
social structures and economic conditions that can result in health inequalities that vary across a population [237]. As noted above, increases in the occurrence of mental health conditions are associated
with decreases in SES [3,238], though the speciﬁc causations are unclear [239]. Rates of mental health conditions have also been reported
based on gender [240,241], race [206], sexual orientation [242], adverse early life experiences [243–245] and family status [246]. These
factors should be considered in mental health research aimed at exploring how the built environment inﬂuences psychological functioning.
Another future research need is a more rigorous approach to assessing housing quality [247]. Often, social science researchers investigating the eﬀects of housing on physical and mental health outcomes do not conduct detailed or direct assessments of home quality.
Standardized and validated measures should be developed by engineers
with in-depth knowledge of built design. Detailed and longitudinal data
are often necessary in order to accurately determine impacts of housing
characteristics on mental health. The advent of low-cost sensors and
increases in built environment data collection should have a positive
impact on future research studies.
Finally, future research should investigate the inﬂuence of architectural features and facility design that can contribute to the occupants’ mental health. Moore et al. [248] completed a full systematic
review on “the eﬀects of changes to the built environment on mental
health”. The review was comprehensive, but did not include review of
studies that discussed interventional actions at the facility level. Individuals integral to communities, but actually live and work in facilities. Additional research is needed to inform facility design and operation to maximize mental health outcomes.
Currently, policy in the US does not speciﬁcally address the ties
between the built environment and mental health. Understanding regarding the physical and cognitive performance on existing standards is
on the rise. Standards outlined by the American Society of Heating,
Refrigeration, and Air-Conditioning Engineers (ASHRAE), the American
Institute of Architects (AIA), and the U.S. Green Building Council
(USGBC), have facilitated advances. Nonetheless, the lack of standards
regarding mental health outcomes should not be viewed as a deﬁciency
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